Introduction
The prion protein (PrP) is a glycophosphatidylinositol-anchored glycoprotein. It is highly conserved among mammals and is also present in birds, reptiles and amphibians (Premzl and Gamulin 2007) , suggesting an important functional role. Normal cellular PrP, termed PrP C , is widely expressed in adult tissues, predominantly in neuronal cells, and its expression is regulated both embryonically (Manson et al., 1992 , Tremblay et al., 2007 and postnatally (Lazarini et al., 1991 , McKinley et al., 1987 . However, mice in which PrP expression has been genetically abrogated are not only viable, but appear to have only subtle phenotypes (Bueler et al., 1992 , Manson et al., 1994a .
Expression of PrP C was detected in inner and outer epithelial layers of the E16.5 mouse tooth primordium by in situ hybridization Abbreviations used in this paper: DMC, dental mesenchymal cell; PCNA, proliferating cell nuclear antigen; PrP, prion protein; PrP C , normal cellular prion protein. (Manson et al., 1992) , and in the dental papilla and ameloblasts of E18.5 mice by immunohistochemistry (Khan et al., 2010) . PrP C was also detected in odontoblasts, cementoblasts and epithelial remnants of Malassez in adult human dental tissues by immunohistochemistry (Schneider et al., 2007) . These cells are all involved in the formation of mineralization tissues. In mice infected with the Me7 prion strain, the pathological isoform of the prion protein, PrP Sc , was observed in the rests of Malassez lining the tooth surface (Okada et al., 2010) .
Teeth form through sequential reciprocal signaling interactions between ectodermal-derived dental epithelial cells and cranial neurocrest differentiated mesenchymal cells (Sharpe 2001, Thesleff and Nieminen 1996) . Tooth formation initiates as the oral epithelial cells, lining upper and lower jaws in the first arch at the presumptive tooth sites, proliferate and thicken to form primary epithelial bands (also named dental placode). Proliferating epithelial cells invaginate into the underlying dental mesenchyme. In response to signals from the dental epithelium, the dental mesenchyme condenses and forms a bud structure (Bei and Maas 1998 , Mandler and Neubuser 2001 , Neubuser et al., 1997 . The epithelium then forms a cap-like structure overlying the dental mesenchyme.
Individual tissues in the tooth continue to differentiate during the subsequent bell stage (mouse E16 to postnatal days). As cusp morphogenesis continues, cytodifferentiation begins and mesenchymal cells lining the dental papilla differentiate into columnar odontoblasts. As long as the odontoblasts begin to secrete dentin matrix, the adjacent pre-ameloblasts differentiate into ameloblasts (Harada et al., 1999) . Enamel mineralization begins as soon as secretory ameloblasts secrete amelogenins and other non-amelogenin proteins, all of which self-assemble to form a mineralizing enamel matrix on the dentin surface. At the transition between secretion and maturation stages, matrix proteins are rapidly removed by matrix proteinases leaving a porous enamel matrix. This matrix is subsequently completely mineralized as maturation stage ameloblasts modulate between smooth and ruffle bordered cells. At the end of enamel maturation, ameloblasts undergo apoptosis and finally disappear as the tooth erupts (Vaahtokari et al., 1996) .
In this study, we first localized PrP C in human developing incisors and mouse teeth at various developmental stages, then further investigated the role of PrP C on tooth development by using mouse tooth models. Mouse molars are rooted teeth similar to human teeth, while mouse incisors are continuously growing, allowing studies of all stages of tooth formation in a single tooth. PrP-knockout (ko; Prnp 0/0 ) mice and wild-type (wt) mice were used to investigate the physiological function of PrP in tooth development. Cell proliferation and differentiation was 
Results
Prion protein (PrP) was localized in both odontoblasts and ameloblasts of developing teeth
In developing human teeth, immunohistochemical analysis showed PrP C localized at the apical border of pre-ameloblasts and secretory ameloblasts, but not apparent in the developing dental mesenchyme until the secretory stage of dentin formation ( Fig. 1 B-E) . In the continuously growing mouse incisor, positive PrP C immunostaining was first detected in pre-odontoblasts, and became more intense as the cells differentiated to secretory stage (Fig. 1F) . The positive immunostaining signal was also detected 
mouse (B) enamel matrix had begun to form on the molar (red) and dentin matrix (green) had begun to form on the underlying incisor (indicated by arrows). Trichrome staining (C,D) showed a greater width of enamel (brown) and dentin (green) (indicated by arrows) in the Prnp

0/0 mice (D) as compared to wt mice (C). Correlated to this increase in the matrix secretion, von Kossa staining showed increased mineralization in the enamel and dentin matrices (indicated by arrows) of Prnp 0/0 (F,H) compared to wt mice (E,G). Bars: B = 500mm, D = 100mm, F = 500mm, H= 200mm, and apply to panels A, C, E and G respectively. Secretory ameloblast (SAB), secretory odontoblast (SOB), bone (Bo) and dental pulp (P).
Fig. 4 (Right). Immunohistochemical staining of type I collagen (Col I), decorin (DCN) and osteopontin (OPN) in newborn wt (A,C,E) and Prnp
0/0 (B,D,F) molars. Staining of Prnp 0/0 mouse molars showed increased type I collagen immunolabeling in odontoblasts and dentin matrix (B) (indicated by arrows) compared to wt molars (A). The predentin (PD) stained positive for decorin (C,D) (indicated by arrows), with decreased immunostaining in the Prnp
0/0 mouse molars (D). Anti-osteopontin antibody was localized in the dentin matrix (indicated by arrows), and was increased in the Prnp
0/0 mouse molar (E) compared to wt molar (F). Bar in B=100mm and applies to all panels. Secretory odontoblast (SOB), dental pulp (P), predentin (PD) and dentin matrix (DM).
compared in developing dental mesenchymal cells isolated from E18 wt and ko mice, as well as in differentiated pre-odontoblasts and secretory odontoblasts microdissected from newborn wt and ko mice. The progressive formation of dentin and enamel were investigated in newborn mouse incisors, and microhardness was measured in fully formed first mouse molars.
The results of this study showed that PrP C had the specific effects on different stages of tooth cell differentiation and matrix mineralization. The primary phenotypes in Prnp 0/0 mice included enhanced pulp mesenchymal cell proliferation and mature dentin with a reduced hardness. Enamel mineralization was initiated 
Dental mesenchymal cells isolated from E18 Prnp 0/0 mouse molars had increased proliferation rate, leading to more rapid mineral formation in vitro
Analysis by BrdU immunoassay showed that embryonic dental mesenchymal cells derived from E18 Prnp 0/0 mouse molars had enhanced proliferative activity compared to age-matched wt control cells (p<0.05, n=4) ( Fig. 2A) . When the cells were grown in mineralization media for 2 wks, the more rapidly proliferating cells isolated from Prnp 0/0 mice, differentiated sooner and formed more mineralizing nodules as indicated by increased von Kossa staining (Fig. 2B ).
Early initiation of odontoblast and ameloblast cell differentiation and matrix apposition were detected in newborn Prnp 0/0 mouse teeth Cross-sections of mouse mandibles, taken at the same distance from the incisal tips, showed earlier initiation of dentin and enamel formation in Prnp 0/0 mice compared to the wt mice (Fig. 3 A,B) . Sections slightly more incisally located, at a later stage of matrix secretion, showed that the Prnp 0/0 mice had a relatively thicker enamel matrix (Fig. 3 C,D) , and a more mineralized dentin matrix compared to wt mice (Fig. 3 E-H) . These results were confirmed on three independent samples of Prnp 0/0 and wt mice. Type I collagen immunostaining signal was increased in the Prnp 0/0 newborn mouse odontoblasts and dentin matrix (Fig. 4  A,B) . Immunostaining signals for decorin in predentin were reduced in the Prnp 0/0 mouse teeth compared to wt (Fig. 4 C,D) , whereas osteopontin was increased in the Prnp 0/0 mouse dentin matrix (Fig.  4 E,F) . These results were confirmed in three sets of independent samples. qPCR analysis on laser microdissected pre-odontoblasts and secretory odontoblasts also showed enhanced differentiation of Prnp 0/0 odontoblasts with a 27 fold reduction in PCNA, a 1.4 fold increase in type I collage expression, and a 2.1 fold increase in DSPP as compared to wt secretory odontoblasts (Table 1) .
Dentin of adult Prnp
0/0 mouse molars had reduced hardness Microhardness of enamel from sagittally sections of adult mouse molars was not significantly different between Prnp 0/0 and wt mice (n=6) (Fig. 5A) . However, the microhardness of both dentin and (Fig. 5 B,C) .
Enamel mineralization in Prnp 0/0 mouse incisors was delayed
A stereoscopic analysis of ground sagittal sections showed a significantly increased length of the more porous zone in the continuously erupting Prnp 0/0 mouse incisors (p<0.05, n=6) (Fig. 6E ). This zone represents the partially mineralized matrix at the transition stage between the protein-rich secretory stage of enamel and the mineralized maturation stage of enamel. A microCT analysis also showed a significant increase in the length of the early mineralizing (secretory stage) enamel in the Prnp 0/0 mouse incisor compared to the wt controls (p<0.05, n=6) (Fig. 6F) . This analysis was further confirmed by a cross-sectional imaging analysis of the forming mouse incisor enamel (data not shown).
Discussion
PrP is primarily expressed in the CNS, though modest expression can also be detected in the peripheral nervous system and non-neuronal tissues (Caughey et al., 1988 , Li et al., 2001 , Manson et al., 1992 . Although much is known about the pathologic isoform of PrP, termed PrP (Bueler et al., 1993 , Manson et al., 1994b , Prusiner et al., 1993 . There were no gross abnormalities initially observed in Prnp 0/0 mice, however subsequently, subtle and in some cases disputed phenotypic deficits were reported (Collinge et al., 1994 , Lledo et al., 1996 . Recent suggestions for PrP C function include roles in olfaction (Le Pichon et al., 2009) , membrane transport (Fuhrmann et al., 2006) , maintenance of peripheral myelin (Bremer et al.) , and regulating self-renewal and differentiation status of stem cells (Lee and Baskakov 2010).
Our observations reported in this study are consistent with the previous findings that PrP C is localized in human and mouse odontoblasts (Manson et al., 1992 , Schneider et al., 2007 , as well as secretory ameloblasts in the developing tooth organ (Khan et al., 2010) . However, our immunolocalization analysis showed PrP C highly localized in the apical border as well as lateral cell membranes, particularly in secretory odontoblasts and ameloblasts. This location may suggest a potential role of PrP related to crossmembrane transport or signaling transmission.
The tooth organ is a unique system containing neural crest derived mesenchyme and ectoderm derived epithelia that differentiate through reciprocal signaling interactions to form the mineralized dentin and enamel tissues. Dentin, formed by the mesenchymally derived odontoblasts is a collagenous mineralized tissue with many of the similar characteristics as bone. Enamel is the only mineralized epithelial-derived tissue in the human body, and is initially formed as a protein matrix. Enamel matrix proteins immediately attract minerals to initiate mineralization. Enamel proteins are then removed through the actions of proteinases and the overlying ameloblasts, which commit apoptosis as teeth erupt. A hard acellular mineral enamel structure is formed to protect dentin and pulp complex. As described in this study, we used the tooth organ to identify the effects of PrP C on epithelially and mesenchymally derived mineralized tissues throughout their differentiation and mineralization. We used both molars and incisors to investigate the roles of PrP C on the different tissues at various stages of tooth formation. Embryonic stage dental mesenchymal cells were compared in vitro for proliferation and differentiation. Dentin formation and mineralization was examined in the unerupted newborn mouse molar, and the fully formed dentin was characterized in erupted mouse molars. Enamel formation was characterized using the continuously erupting incisor where all stages of enamel formation can be identified within a single tooth.
We found stage-specific effects of PrP C on tooth organ development. In the dental mesenchyme, when the undifferentiated dental mesenchymal cells lacking PrP were grown in vitro, the cells were highly proliferative compared to the age-matched wt mouse dental mesenchymal cells. When these cells were cultured in a mineralizing media, they formed more mineralizing nodules. This increased nodule formation by Prnp 0/0 embryonic dental mesenchymal cells is likely to be related to their increased proliferation rate, leading to earlier confluence and cell differentiation in vitro.
This observation that rapid dividing dental mesenchymal cells leading to earlier cell differentiation also was evidenced by our observation from the effects of PrP C on early dentin, as well as enamel differentiation and matrix maturation in animal model. In newborn mouse molars and incisors lacking of PrP resulted in earlier dentin and enamel matrix formation. This earlier formation of the dentin matrix was also evidenced by increased immunostaining for type 1 collagen and osteopontin, both of which are related to dentin matrix formation and mineralization. Similarly a reduction of decorin in the predentin layer is correlated with dentin maturation (Waddington et al., 2003) . qPCR analysis of mRNA isolated from odontoblasts (terminal differentiated dental mesenchymal cells) microdissected by LCM from cryosectioned newborn mouse incisors, showed increased expression of collagen type I, DSPP and reduced PCNA, also consistent with enhanced odontoblast differentiation. Final dentin formation in the Prnp 0/0 mice had a reduced microhardness as compared to wt mice, even though dentin mineralization was initiated earlier in tooth formation.
Although there was also earlier mineralization of secretory stage enamel in Prnp 0/0 mice, the length of the secretory and transition stages of the Prnp 0/0 mouse enamel formation was longer, with the end result being no difference in final enamel density. This finding that there was no effect of PrP on final enamel mineralization was confirmed by the lack of any change in microhardness of molar enamel.
The varying effects of PrP at different stages of mineralizing tooth tissue formation, point to a common mechanism, potentially related to the altered intracellular calcium regulation. In bone marrow stromal cells, PCNA expression declines when the intracellular calcium concentration is increased (Ichikawa and Gemba 2009). The similarities between bone marrow stromal cells and dental mesenchymal cells in gene regulation and fate determination (Menicanin et al.) , suggest that the increased proliferation rate of undifferentiated Prnp 0/0 dental mesenchymal cells may also relate to PrP modulation of intracellular calcium (Beraldo et al., Kagenishi et al., 2009) .
Although the role of calcium in the initiation of tooth tissue cell differentiation is not well defined, the location of PrP at the apical border of both secretory ameloblasts and odontoblasts is consis- tent with the hypothesis that this protein is related to Ca 2+ transport (Fuhrmann et al., 2006) , or regulating Ca 2+ homeostasis (Powell et al., 2008) .
An interesting application of these studies is the potential to manipulate PrP expression in dental mesenchymal cells, to enhance proliferation in sites of injury. In pulp injury secondary to dental caries or trauma, the dental pulp mesenchymal stem cells must proliferate, and migrate to the area of injury for repairing. Therefore, blocking PrP expression could potentially promote more rapid cell proliferation and pulp healing, including the formation of secondary dentin. The cellular mechanism of PrP regulation of tooth organogenesis and repair will require further studies of the unique processes that promote stage-specific differentiation as the tooth develops.
Materials and Methods
Tissue samples
All human tissues were collected under the approval of the University of California San Francisco (UCSF) committee on human research. Developing human tooth organs were obtained from fetal cadaver tissues, obtained through the tissue-sharing program within UCSF.
Wild-type FVB mice were purchased from Charles River Laboratories (Wilmington, MA). PrP knockout mice (Prnp 0/0 ) have been previously described (Bueler et al., 1992) , and were on the FVB genetic background. Adult mice were euthanized by CO 2 asphyxiation, followed by decapitation, and newborn mice were euthanized by decapitation.
Immunohistochemical localization of PrP in the developing human and mouse incisors
Maxillas containing tooth organs from 21-24 week-old human fetal tissues, and heads from newborn wt and Prnp 0/0 mice, were collected and stored in 20% sucrose solution for 24 hr. The tissues were embedded and frozen in OCT compound (Tissue-Tek, USA), and cryosectioned at a thickness of 12 mm. The sections were fixed with 95% methanol and 5% acetic acid for 20 min at -20 o C. Non-specific antibody binding was blocked with 3% bovine serum albumin for 30 min at room temperature, followed by washing in PBS with mild shaking for 5 min, 3 times. Slides were incubated with goat anti-PrP antibody (sc-7693, Santa Cruz Biotechnology INC, CA) for 48 hr at 4˚C, followed 3 washes in PBS. The slides were then incubated with secondary antibody (FITC conjugated anti-goat IgG) for 1 h in the dark at room temperature, washed, and counterstained with 0.5ug/mL Hoechst 33324 (Invitrogen, CA) for 5 min. Slides were mounted, observed, and photographed with Nikon Eclipse E800 fluorescent microscope.
The effect of PrP on undifferentiated dental mesenchymal cells in vitro
Pregnant mice were euthanized by standard carbon dioxide asphyxiation at the 18th day of gestation and the mandibular molar tooth buds were microdissected from the embryos under a dissecting microscope (Nikon SMZ 1500) in cold Hank's buffer. The tooth tissues were digested with 2mg/ ml collagenase/dispase for 2 hr at 37˚C, followed by further digestion with STV (0.05% trypsin, 0.025% versene) for 5 min. Pulp dental mesenchymal cells (DMCs) were selectively grown in DMEM H-16 medium supplemented with 10% fetal bovine serum (Invitrogen, CA) and 1% penicillin-streptomycin at 37˚C, 5% CO 2 .
To analyze the role of PrP on pulp cell proliferation, DMCs from wt and Prnp 0/0 mice were plated at 5,000 cells/well in a 96-well plate and grown in DMEM, 10% FBS, 1% PS at 37˚C, 5% CO 2 for 2 days. The cells were then synchronized in serum free DMEM for 24 hr and the media was then replaced with DMEM, 10% FBS and 1% PS, 10 ml BrdU and incubated for 24 hr. BrdU incorporation was compared using a BrdU chemiluminescence assay (Roche Applied Science, IN), according to the manufacturer's instructions.
To determine the effect of PrP on cell differentiation in vitro, DMCs from E18 Prnp 0/0 and wt mice were grown in mineralization media including DMEM, 10% FBS, 1% PS, 10 mM b-glycerophosphate, 10 nM dexamethasone, and 50 mg/uL ascorbic acid for 2 wks. Von Kossa staining was used to identify mineral formation by first washing the cells with PBS, then fixing them in 2% glutaraldehyde for 15 min, washing, and then incubating the cells in 5% AgNO 3 solution for 30 min in the dark. The staining was revealed by ultraviolet exposure for 1 hr.
Characterization of dentin and enamel matrix formation in Prnp 0/0 and wt teeth Mandibles of newborn mice were dissected out under a stereo-microscope, fixed in 10% neutral-buffered formalin overnight, rinsed with PBS, and dehydrated in a series of graded alcohols. The mandibles were then embedded in paraffin, and serially cross-sectioned at 7mm thickness. Some sections were stained with Masson's trichrome (Hebling et al., 1999) , with adjacent sections analyzed following von Kossa staining or immunolocalization of type I collagen, decorin or osteopontin.
For von Kossa staining, sections were dewaxed and incubated in 5% silver nitrate for 20 min. After washing with distilled water three times, the sections were incubated in 5% sodium thiosulfate for 2 min, followed by washing in distilled water and then dehydrated in a gradient series of alcohols.
Type I collagen was immunolocalized by first incubating the sections with 1 mg/ml hyaluronidase for 48 hr, rinsing with Walpole's buffer (sodium acetate 1.17% w/v, brought to pH 4.5 with glacial acetic acid) followed by PBS, and then incubating with rabbit type I collagen antibody (Chemicon International, CA) overnight at 4°C. The sections were then rinsed 3 times, incubated 1.5 hr with the peroxidase conjugated secondary anti-rabbit antibody (Dako, Denmark), and visualized with diaminobenzidine substrate (DAB, Sigma, MO).
Decorin, a small leucine-rich proteoglycan (SLRPs) noncollagenous protein, was immunodetected after pretreatment of the sections with chondroitinase ABC (Sigma, 0.25U/mL Tris/NaCl, pH 8) for 20 min at 37°C, to activate antigenic sites. After rinsing with PBS, the sections were incubated with rabbit anti-decorin antibody (LF113, generous gifts from Larry Fisher, NIDCR) and detected by DAB as described above. Osteopontin was detected after incubation with anti-OPN antibody (LF123, generous gift from Larry Fisher, NIDCR).
Analyses of gene expression in odontoblasts isolated by microdissection
Laser capture microdissection (LCM) was done using a PALM Microlaser system® (Leica). Newborn mouse mandibles (wt and ko) were fresh frozen, embedded in OCT, and cryosectioned at -18 °C with a thickness of 12 mm. The sections were mounted on polyethylene naphthalate (PEN) foil glass slides (Leica) with 8 sections per slide. After H&E staining, the slides were air-dried, and pre-odontoblasts (POB) and secretory odontoblasts (SOB) were separately dissected and catapulted to microtube caps designed for the PALM system. The caps with the collected cells were placed on microtubes containing 50 ml lysis buffer stock solution (49.3 mL RLT buffer + 0.5 mL b-ME +0.2 mL Linear acrylamide), and briefly vortexed upside down. RNA purification was done with RNeasy Plus Micro Kit (Qiagen, CA), and reverse transcription was done with Super Script III (Invitrogen, CA), following the manufacturer's instructions. Quantitative PCR (qPCR) was done using an Applied Biosystems 7500 (Applied Biosystems Inc., CA) with specific primers to amplify PCNA, type I collagen, and dentin sialophosphoprotein (DSPP) mRNA.
Microhardness of molar enamel and dentin
Mandibles from 2-month old male mice were embedded in epoxy resin and sagittally ground to the mid-section of the first molars. A flat and highly polished surface was generated using graded series of polishing grit in order to establish orthogonality with the indenter tip (Ho et al., 2004) . Microindentation was performed on enamel, dentin (coronally and apically), and predentin (around the pulp chamber and root canal space) under dry conditions using a Knoop diamond indenter (Buehler Ltd., Lake Bluff, IL) and a normal load of 10gram force. Each indent was identified using a light microscope and the long diagonal measured using Image-Pro data-acquisition software (Image-Pro Plus Microscope, version 4.0; Media Cybernetics, Silver Spring, MD). Microhardness was determined by: HK = 0.014229P/D 2 where HK is the Knoop microhardness in gigapascal (GPa), P is the normal load in Newtons (N) and D is the length of long diagonal in millimetres (mm).
Stereomicroscopic and microCT analyses of enamel mineralization
Mandibles from two-month-old adult male mice were separated into 2 hemimandibles. The left hemimandible from each mouse was embedded in epoxy resin and ground sagittally to the central plane of the incisor using 600 grit silicon carbide paper, photographed under a stereomicroscope, and compared. Enamel formation was characterized by the length of the white opaque enamel zone at the lingual surface of incisors, ending when the more mineralized enamel took on a more translucent color.
Right dry hemimandibles were scanned with a microCT (micro x-ray computed tomography unit; SkyScan 1076®, Belgium) to characterize the mineral density of the dental tissues in wt and Prnp 0/0 mice. Scans were done at 100 kVp, 100 mA with a resolution of 8.87mm. 2D sections were stored in a bmp format with indexed gray levels ranging from 0 (black) to 255 (white). DataViewer software (ver 1.4.1 SkyScan) was used to locate a midsagittal plane, which was then used for densitometry (g/cm 2 ) analysis. A cross-sectional plane was taken through the incisor perpendicular to the mesial root of the first molar, and the density of the enamel in the wt and Prnp 0/0 mice was compared.
